ABSTRACT: Estimates of aquatic primary productivity derived from in situ active chl a fluorescence have rapidly gained popularity over the past 2 decades. This trend has been driven primarily by the need to improve upon 'conventional' carbon (C) uptake-or oxygen (O 2 ) evolution-based productivity estimates that require water samples to be incubated ex situ. Unlike the conventional approaches to measuring productivity, chlorophyll fluorescence measurements inherently describe only the activity of photosystem II (PSII) in the light reactions; thus, the photosynthetic 'currency' of the fluorescencebased approach is an electron turnover rate for PSII (ETR PSII ). A photosynthetic currency of electrons has limited ecological relevance but can be converted to a currency of carbon if an 'exchange rate', i.e. a value or factor of equivalence for any single time point, is applied. We used fast repetition rate fluorometry (FRRf), mass inlet membrane spectrometry (MIMS) and 14 C uptake to determine ETR PSII , gross and net O 2 evolution and C fixation measured simultaneously for 6 microalgal species and for different steady-state growth conditions. Quantifying the PSII reaction centre (RCII) concentration and the spectral dependency of the effective absorption cross section yielded an FRRf approach that provided a robust estimate of the ETR PSII and gross O 2 evolution for all species and conditions tested; however, the ETR PSII exceeded carbon dioxide (CO 2 ) uptake by a factor of ~5.4 to 11.6. At least 3 species exhibited substantial light-dependent O 2 cycling to account for ~40 to 60% of the difference between the ETR PSII and CO 2 uptake. The highly variable nature of the ETR PSII :CO 2 uptake 'exchange rate' observed here highlights the need for future studies that rely on active fluorescence to examine aquatic productivity to focus towards a systematic description of how electrons are coupled to C fixation in nature.
INTRODUCTION
Photosynthesis involves numerous pathways. In the case of oxygenic phototrophs, this involves evolution of oxygen (O 2 ) from water (H 2 O) by the 'light reactions' and uptake of carbon dioxide (CO 2 ) by the 'dark reactions'; thus, both O 2 and CO 2 represent the primary 'currencies' by which photosynthesis operates. Tracing O 2 evolution and/or CO 2 uptake has long been the convention for quantifying photosynthesis rates. Thus, considerable effort has been invested in optimising tracer techniques since their introduction in the 1950s (Steeman Nielsen 1952) , particularly for phytoplankton, which represent the most widespread and diverse group of the aquatic phototrophs and account for the majority (95%) of global aquatic productivity. Attempting to reconcile productivity measurements between studies that have focused on either O 2 evolution or CO 2 fixation has often proven to be problematic since a number of pathways that uncouple the 2 processes operate. The net evolution of O 2 and net uptake of CO 2 reflect the combination of pathways that produce and compete for energy (ATP) and reductant (NAD(P)H).
Oxygen is evolved only through photosynthetic hydrolysis at the photosystem II (PSII, Table 1 ) reaction centre complex, but is consumed within the cell via various pathways (Lewitus & Kana 1995 , Beardall et al. 2003 , Behrenfeld et al. 2008 ; this minimises accumulation of toxic O 2 molecules, as well as disposing of excess reductant and ATP that would otherwise constrain optimal photosynthetic activity (Beardall et al. 2003 , Behrenfeld et al. 2004 ). Consumption of O 2 in the light can occur through a number of processes: (1) photoreduction of O 2 via reduced electron transport components associated with PSI, known as the Mehler Reaction, which consumes reductant (Badger et al. 2000) ; (2) photoreduction of O 2 via alternative terminal oxidases located in the thylakoid membranes (McDonald & Vanlerberghet 2006 ; (3) light-enhanced mitochondrial respiration linked to ATP synthesis (Xue et al. 1996) ; (4) light-enhanced mitochondrial respiration through the alternative oxidase (AOX) without pumping protons across the inner mitochondrial membrane (McDonald & Vanlerberghet 2006) and (5) oxygenase activity of ribulose bisphosphate carboxylase/oxygenase (rubisco) (Badger et al. 2000 , Beardall et al. 2003 . Unfortunately, operation of these various pathways is neither well characterised nor quantified for many key phytoplankton or growth conditions.
Carbon dioxide is fixed into organic matter (i.e. reduced with consumption of NADPH) by carboxylation of ribulose biphosphate (RuBP) in the Calvin cycle. After carboxylation by rubisco, the major CO 2 uptake processes are anaplerotic β-carboxylations, which provide essential intermediates that cannot be produced from the Calvin-Benson cycle, and may also play a role in C 4 photosynthesis in diatoms (Reinfelder et al. 2000 , Roberts et al. 2007 ). However, CO 2 is also produced from mitochondrial respiration of organic matter and as a product of photorespiration. Gross photosynthesis is defined as the rate of evolution of O 2 by PSII, and/or the rate of CO 2 fixation, almost entirely by the Calvin cycle. Gross photosynthetic O 2 evolution can be measured with little or no ambiguity by using the tracer 18 (Bender et al. 1987) , or indirectly as the sum of net O 2 evolution and gross O 2 consumption, where consumption is determined from the rate of decline in 18 O 2 (Kana 1990 ). The most common method for estimating gross CO 2 fixation is to follow the uptake of 14 CO 2 into particulate and dissolved organic matter, which approximates gross photosynthesis when the respiration rate is low and incubations are short. However, the measured rate of 14 CO 2 fixation may underestimate gross photosynthesis due to isotope disequilibrium between the intracellular and extracellular CO 2 pools (reviewed by MacIntyre & Cullen 2005) .
For many studies employing measurements of net gas exchange, only net photosynthesis (the balance between gross O 2 evolution in photosynthesis and its consumption in all respiratory pathways) can be compared with CO 2 uptake. Such comparisons yield the photosynthetic quotient (PQ), which is the ratio of the moles of O 2 produced per mole of CO 2 assimilated. Variability in the PQ demonstrates that the relationship between these 2 primary currencies is not constant, but instead depends upon the redox state of the substrate used for growth, par- Laws 1991) . However, the PQ represents an important tool for photobiology: it not only provides a potentially convenient means of examining how cells invest photochemical energy for growth, but it is also an effective physiological 'exchange rate' that can be used to interconvert between commonly measured photosynthetic currencies.
Electrons as photosynthetic currency
Active fluorometry, which measures changes in chl a fluorescence yield of PSII, is an alternative approach to measuring primary productivity that was introduced to aquatic research in the 1990s. It provides a direct optical measure of the efficiency with which absorbed light is used for PSII photochemistry (e.g. Krause & Weis 1991) . Because electron flow out of PSII requires oxidation of water to O 2 , active fluorescence should provide an alternative measure of the true gross O 2 -evolving potential of the photosynthetic organism (Genty et al. 1989) . Two techniques of active fluorometry are currently used: pulse amplitude modulated (PAM; Schreiber et al. 1993 ) fluorometry and fast repetition rate fluorometry (FRRf; Kolber et al. 1998 ). Both measure PSII photochemical efficiency (φ PSII , Table 1) ; however, FRRf has some advantages over PAM, including simultaneous measurements of the effective absorption by PSII (σ PSII ; Falkowski et al. 1986 , Kolber et al. 1988 , and in situ deployment combined with the high sensitivity required to examine the lowest chlorophyll concentrations in oligotrophic water masses (Kolber & Falkowski 1993 , Babin et al. 1996 . With these additional capabilities, the FRR fluorometer became the 'oceanographer's choice' for phytoplankton studies.
Early studies demonstrated that measurements of φ PSII could be closely related to measurements of the quantum yield of O 2 evolution (e.g. Falkowski et al. 1986 , Flameling & Kromkamp 1998 . With additional knowledge of the rate of light absorption, which depends on the incident photon flux density and the absorption cross section, φ PSII can be used to calculate productivity. The absorption cross section must be specific to light harvesting for photochemistry through PSII (a PSII , Table 1 ); here, productivity is strictly the electron transfer rate by PSII (ETR PSII ; Kromkamp & Forster 2003 : ).
Later studies included additional measurements of absorption, enabling ETR PSII to be compared with corresponding photosynthesis rates obtained via O 2 evolution (Beer et al. 1998 , Franklin & Badger 2001 , Suggett et al. 2001 ) and C uptake (Kolber & Falkowski 1993 , Boyd et al. 1997 , Hartig et al. 1998 . These studies were a critical step for estimates of primary productivity since, unlike gas exchange measurements, fluorescence-based rates could be measured optically, in situ and extremely rapidly (µs to ms), i.e. without the need to incubate and sacrifice material. Therefore, the use of active fluorescence introduced another photosynthetic 'currency' to productivity studies -that of electrons. However, the 'exchange rates' required to interconvert between the currency of electrons and the more conventional currencies of CO 2 or O 2 are still not well characterised. There remains a vital need to compare primary productivity data sets derived from these different methodologies.
Comparing FRRf with O 2 -and C-based photosynthesis rates
The growing use of FRRf has been accompanied by comparisons of FRRf-based ETRs with 'conventional' measures of phytoplankton productivity ( , which is an approximately 5-fold range in the currency conversion 'rate'. A reference ratio is usually set at 4, based on the minimum number of PSII electrons derived from 2 water molecules in the production of 1 O 2 molecule. While it is difficult to reconcile measured ratios < 4, it is possible that ratios > 4 could be related to alternative physiological electron sinks ( (Lewitus & Kana 1995 , Badger et al. 2000 , Beardall et al. 2003 , electron cycling around PSII (Prá$il et al. 1996) and/or electron slippage back to the water oxidizing complex (Quigg et al. 2006) . We have been unable to reconcile variability in the ratio by classifying the data in Table 2 according to the dominant taxonomic components or environmental regimes (p > 0.05, using SIMPER test in PRIMER-E), so it is appropriate to consider methodology as a source of the variance.
Measures of FRRf (ETR PSII ) and gas exchange data differ in terms of the timescale and the manner in which the water sample is handled. Specifically, FRRf measurements of photosynthetic parameters are obtained on a microsecond timescale, although averaged data from several individual measurements are used in practice (e.g. Corno et al. 2005 , Suggett et al. 2006b Pemberton et al. (2007) In situ vs. 2 h PE 9.68: 1 n/a Cyanobacteria, chlorophytes Netherlands lake, summer Kromkamp et al. (2008) Step PE (5 min This gives a 'snapshot' that may or may not be an accurate representation of the average condition during an incubation that is long enough to quantify gas exchange. The relationship between the ETR and gas exchange will also depend on the nature of the incubation (e.g. in situ, simulated in situ, or within a photosynthetron), which determines the irradiance field and may cause photosynthetic regulation within the gas exchange experiments that would not be captured by the FRRf measurement (MacIntyre et al . 2000): photosynthetic rates measured over short timescales (s to min) integrate only relatively rapid physiological adjustments to the environment, such as xanthophyll cycle activity and state transitions, while those measured over longer timescales (h) integrate relatively slow processes, such as photoinhibition, pigment turnover and protein synthesis (MacIntyre et al. 2000) .
A related methodological issue is the need to measure or estimate the rate of photon absorption by PSII, a PSII (Eq. 1). In FRRf studies, a PSII is obtained from the effective absorption of PSII,
), which is derived directly from the FRR fluorescence rise kinetics (Kolber et al. 1998) . Importantly, σ PSII is weighted to the spectral quality of light used to induce the fluorescence transient (i.e. the flash lamp or lightemitting diode, LED, in the fluorometer) and thus must be corrected to the spectrum of the ambient irradiance that drives photosynthesis (Suggett et al. 2001 , Raateoja et al. 2004 , MacIntyre & Cullen 2005 . The correction cannot be made without spectral light data or the spectral absorption of PSII (Melrose et al. 2006 , see also Suggett et al. 2006b) . Converting values of φ PSII to a PSII requires knowledge of the reaction centre (RCII) concentration, which is difficult to quantify (Kolber & Falkowski 1993 , Babin et al. 1996 , Suggett et al. 2001 . Typically, studies have either assumed the RCII concentration to be constant (e.g. Raateoja et al. 2004 , Kromkamp et al. 2008 , or have applied a 'functionality' factor (Kolber & Falkowski 1993 , Babin et al. 1996 , Suggett et al. 2001 . Neither approach appears to yield a satisfactory approximation of the actual RCII concentration (Suggett et al. 2004 ) unless the phytoplankton community structure remains relatively constant (Suggett et al. 2006a , see also Moore et al. 2006) .
Although FRR-type fluorometers have been commercially available for more than a decade, only 2 studies have compared FRRf-based ETRs with 'conventional' photosynthesis measurements for phytoplankton grown in the laboratory , Fujiki et al. 2007 ; Table 1 ). Unfortunately, neither of these studies included measurements of the RCII concentration. Therefore, the aim of this investigation was to determine how closely FRRf-based measures of ETR PSII relate to (1) gross O 2 evolution and (2) C fixation rates of phytoplankton under defined growth conditions. For the first time, we compare these 'currencies' using measurements made synchronously on the same sample and, in the case of ETR PSII do not include assumptions of RCII concentration or spectral dependency of σ PSII , but rather directly measure these factors.
MATERIALS AND METHODS
Cell growth. Measurements were performed on 6 species representing key eukaryotic microalgal groups: Dunaliella tertiolecta (Chlorophyceae); Pycnococcus provasolii (Prasinophyceae); Storeatula major (Cryptophyceae); Aureococcus anophagefferens (Pelagophyceae); Thalassiosira weissflogii (Bacillariophyceae); and Prorocentrum minimum (Dinophyceae). Cells were grown at 20°C in 1.5 l semi-continuous culture bubbled with air (MacIntyre & Cullen 2005) . The medium was artificial seawater (Keller et al. 1987) . Salinity was adjusted to 30 for all species except for Prorocentrum minimum and Storeatula major, for which it was reduced to 15. The medium was enriched with f/2 levels of nitrate, phosphate, trace metals and vitamins (Guillard & Ryther 1962) , plus 107 µM silicate (Guillard 1975) and 10 nM H 2 SeO 3 (Keller et al. 1987) . ) were possible. Specific growth rates (Table 3) were estimated from daily measurements of chl a concentration, which was determined using the non-acidification technique (Welschmeyer 1994) after extraction in dimethyl sulfoxide and 90% acetone (Shoaf & Lium 1976) . Cells were harvested at the exponential growth phase.
Experimental set up. A Fast tracka FRR fluorometer (Chelsea Instruments) was immersed in water maintained at 20°C. Four gas-tight glass tubes were filled (~8 ml to leave 0 headspace) with culture that had been enriched either with 18 O 2 or NaH 14 CO 3 (see below). The tubes were then stacked horizontally in a vertical array over the fluorometer's optical head, alternating the treatments. The bottom-most tube, which sat directly in front of the fluorometer's excitation-emission window, was always one that was enriched with 18 O 2 , enabling measurements of fluorescence yield and 18 O uptake on the same sample. Actinic illumination was provided at 90°to the fluorometer's excitation window by a slide projector equipped with a dispersing lens. Light from quartz halogen bulbs (General Electric ENH) was filtered through a 2.5 cm layer of 10 g l -1 of CuSO 4 (aq.) and illuminated the entire stack of tubes.
Parallel measurements of active fluorescence and gas flux were made on each sample at 3 different actinic PFDs: 35 to 75, 185 to 385 and 615 to 1200 µmol photons m -2 s -1 (designated low, medium and high hereafter). These corresponded to a factor that was 0.06 to 17.0 times the irradiance required to saturate photosynthesis, E k , as determined from parallel 14 Cbased photosynthesis-irradiance curves (following MacIntyre et al. 1996 ; see also the method for C uptake described below), with the exception of one value (54.1) for Aureococcus anophagefferens (Table 3 ). The PFD was measured in front of the glass tubes after each set of incubations using a Biospherical QSL-101 scalar quantum irradiance sensor (Biospherical Instruments). The duration of the incubations was reduced with the increase in actinic PFD from 50 to 60 min (low), to 40 -50 (medium) and 20 to 30 min (high), to prevent the formation of bubbles within the tubes while maintaining favorable signal: noise ratios (SNR) with the fluorometer.
FRR fluorometry. Single-turnover (ST) FRR fluorescence measurements consisting of 100 flashlets of 1.1 µs duration were made every 2 to 3 s, following Suggett et al. (2003 Suggett et al. ( , 2004 throughout the illumination period and in the dark immediately after illumination. Dark-acclimated (30 min) FRRf measurements were also made on each sample prior to experimentation. All excitation and emission sequences were averaged into 1 min intervals to improve SNRs and were subsequently processed using v4 software (see Suggett et al. 2003 Suggett et al. , 2004 . This routine fits the model of Kolber et al. (1998) to the excitation:emission ratio providing values of the minimum (F o , F ') and maximum (F m , F m ') fluorescence, the effective absorption cross section (σ PSII , σ PSII ') and the degree of excitation energy transfer between PSII reaction centres (connectivity, ρ, ρ') under dark-adapted (unprimed) and actinic light (primed) conditions, respectively. Blanks were measured on the cell-free preparations of each sample that were obtained by gravity filtration of small volumes (< 20 ml) through GF/F filters (Cullen & Davis 2003) . Calculation of all fluorescence parameters accounted for instrument-specific response, scatter and baseline functions when processed.
Photosynthetic unit size and pigments. Culture aliquots of 100 to 200 ml were gravity-filtered through 47 mm GF/F filters and gently resuspended into 4 to 5 ml of the sample to pre-concentrate samples to 1.4 -4.2 (mean 2.0) mg chl a l -1 . The filters were not permitted to run dry, to minimize damage to the cells. The concentrated samples were dark-adapted at 20°C in the chamber of an Oxygraph O 2 electrode system (Hansatech Instruments). When a consistent rate of O 2 consumption had been obtained (typically within 30 to 50 min), the rate of O 2 evolution in response to ST saturating blue LED light flashes (provided by a custombuilt array of blue LEDs) was measured as described previously (Suggett et al. , 2004 ) was determined as follows:
where E and φ PSII are as in Eq.
(1) and a PSII * is the chl aspecific rate of light absorption by PSII (
). Inclusion of the factor 6 × 10 -4 converts µmol photons to mol photons and seconds to minutes. A value for a PSII * was determined for each culture from the product of the dark-adapted effective absorption cross section (σ PSII ) and n PSII , and from F v /F m (=(F m -F o )/F m ) since σ PSII will be reduced relative to a PSII by non-radiative loss terms to the same extent as F v /F m (Kolber et al. 1998 , their Eq. 14): ; the factor 6023 accounts for conversion of Å 2 to m 2 and quanta to mol RCII (see Suggett et al. 2006a) . Values for φ PSII were determined from measures of F ', F m ', σ PSII ' and F v /F m for each ST acquisition (Suggett et al. 2006a) : (4) where
) is the operating efficiency, which is also referred to as the extent of photochemical quenching or qP. For the calculation of F q '/F v ', F o ' was not measured but estimated indirectly using fluorescence yields under actinic and initial dark-acclimated conditions (see Suggett et al. 2003) : ) accounts for the quantum yield of PSII reaction centres and is assumed to be a constant of 1 mol electron transferred from the P680 complex to the primary quinone acceptor molecule per mol photon absorbed and delivered to the reaction centre (Kolber & Falkowski 1993 
All measurements of σ PSII ' (σ PSII ) used in Eqs. (2) to (4) were spectrally adjusted to account for the weighting of light absorption by the excitation spectrum of the FRR fluorometer LEDs (peak wavelength of excitation is 478 nm). For this we extrapolated values of σ PSII ' measured by the FRR fluorometer across all wavelengths using PSII fluorescence excitation spectra measured between 400 and 700 nm (as in Suggett et al. 2007 ). Fluorescence excitation spectra were recorded from aliquots of the concentrated cultures, using a fluorescence spectrometer (Perkin-Elmer LS50B, Perkin-Elmer) with the monochromator on the detector set to 730 nm emission (Suggett et al. 2004) . Samples were treated with 3-(3, 4-dichlorophenyl)-1,1-dimethylurea (DCMU) and pre-illuminated to close all PSII reaction centres. The fluorescence excitation at each wavelength is termed F 730 (λ). Thus, spectrally resolved values of the effective absorption, σ PSII ' (λ), were determined as: (6) All FRRf-determined values of σ PSII ' (σ PSII ) were then spectrally adjusted for the actinic light source as: (7) where E(λ) is the spectrally resolved light intensity for the actinic light source, which was determined using a USB2000 spectroradiometer (Ocean Optics) and converted from energy-based to quantum-based units (Kirk 1994 ) for each minute of FRRf data acquisition (see Fig. 1 ):
Values of F q '/F v ' and σ PSII ' were not constant throughout the period of isotope incubation (Fig. 1) . For comparison within and between methods, all values of ETR were integrated over the duration of the incubation and standardised to an hourly integrated rate, ETR PSII , in mol e -[mol chl a
where t is time (min) and 60 is a factor to convert minutes to hours. 
O 2 exchange, C uptake and chl a concentration. A modified 18 O isotope dilution technique for discrete samples (Kana 1990 ) was used to measure gross uptake and gross evolution of O 2 in the light. Net photosynthesis was calculated by difference. A sample of culture was drawn into a 100 ml syringe after being partially degassed by sparging with nitrogen (N 2 ). A bubble of 18 O 2 was then introduced and partially equilibrated with the sample by gentle rocking. Four 7 ml glass tubes were filled to overflowing and sealed with glass stoppers. The initial concentrations of 18 O 2 (mass 36) and 16 O 2 (mass 32) were determined from 2 of the tubes. The remaining 2 tubes were incubated in front of the detection window of the FRR fluorometer. After the appropriate incubation period, the samples were immediately analyzed for 18 O 2 and 16 O 2 . Analysis time per sample was typically ~2 min. The dissolved O 2 isotope measurements were done using a membrane inlet mass spectrometer (Bay Instruments), which provides dissolved isotope concentration data as well as ratios and differs from the original technique (Kana 1990 ) were calculated using isotopic dilution equations (Kana 1990 ).
Carbon uptake was calculated in an analogous fashion. Two of the gas-tight tubes were filled with sample that had been spiked with NaH 14 CO 3 (17441H from MP Biomedicals) at a concentration of ~1 µCi ml -1 and were incubated over the detection window of the FRR fluorometer. The initial concentration of 14 C was determined from subsamples transferred into a scintillation cocktail containing 50 µl ml -1 of β-phenylethylamine. At the end of the incubation, 3 × 1 ml subsamples from each of the spiked tubes were pipetted into scintillation vials containing 50 µl of formalin. These were acidified with 250 µl of 6N HCl and shaken for an hour to remove residual inorganic carbon, before adding the scintillation cocktail and counting. Carbon uptake (mol CO 2 [mol chl a] -1 h -1 ) was calculated from the concentration of total dissolved inorganic carbon and the proportion of the 14 C tracer that was fixed during the incubation, after normalization to the duration of the incubation and chlorophyll concentration. An isotopic discrimination factor of 1.06 was used. The concentration of dissolved inorganic carbon (DIC) was determined using a Shimadzu total organic carbon (TOC) analyzer (Shimadzu Scientific Instruments).
Post-hoc testing using paired t-test showed that there was no significant difference (p > 0.05) in estimates of gross O 2 evolution or O 2 uptake between the 2 tubes spiked with 18 O 2 across all experiments. In contrast, there was a significant difference (p < 0.001) between the 2 tubes spiked with NaH 14 CO 3 , such that values of carbon fixation were consistently lower for the upper tube (i.e. the highest tube in the array) than for the lower tube (which was between the 2 tubes enriched with 18 O 2 ). These lower values were attributed to a falloff in light intensity towards the top of the stack of tubes; thus, the data from the uppermost tube was discarded. Measurements of O 2 flux for each replicate experiment are therefore averages of paired samples while those of carbon fixation are from a single sample.
All productivity measurements were normalised to the chlorophyll concentration. Aliquots of each sample culture used for experimentation were collected on Whatman GF/F filters, frozen in liquid nitrogen, and held at -80°C for later quantification of chl a by high pressure liquid chromatography (Van Heukelem et al. 1992) .
RESULTS

Cell growth, potential photochemical efficiency and PSU size of PSII
All species exhibited growth rates that were similar (~0.25 d -1 ) at the lowest growth PFD but more variable at the mid to high growth PFDs (Table 3 ). The highest ) were obtained by integrating all FRR fluorescence transients obtained at 1 min intervals (~160 acquisitions) to increase the signal to noise ratio. Values for the PSII operating efficiency (F q '/F v ', dimensionless) were determined from F m ' and F ' relative to the corresponding dark-acclimated measurements made prior to experimentation. The electron transfer rate (ETR PSII ) was calculated for each 1 min interval (Eq. 8) and integrated to yield an hourly rate (Eq. 9 ), were made prior to experimentation (Table 3) . Measures of F v /F m from cells grown under low irradiance were highest for D. tertiolecta and Storeatula major (0.57) and lowest for Pycnococcus provasolii (0.41). As expected, values of F v /F m decreased with increasing growth PFD. The decrease was ~10% for all species, except for P. provasolii which declined by 25%. Estimates of 1/n PSII under low-light growth were lowest for Prorocentrum minimum and S. major and highest for Aureococcus anophagefferens and P. provasolii, although all decreased with increasing growth PFD. Values of 1/n PSII decreased by ~20 to 25% for all species, except for P. provasolii which decreased by ~40 to 50%.
Comparing ETRs with gross O 2 evolution
The ETR PSII calculated from FRR fluorescence was linearly related to the rate of gross O 2 evolution in all species examined ( Fig. 2A, Table 4 ). The slope of this . Specifically, values for φ e ranged from 3.4 (Storeatula major) to 5.6 (Pycnococcus provasolii) ( Table 4, but see  Table 5 for ANCOVA post-hoc groupings).
All comparisons were performed using Bartlett's type II linear regressions. Two important considerations must be taken into account when evaluating the results obtained with this approach. Firstly, the intercept was initially maintained as a free-fitting parameter; however, the intercept term (coefficient ± SE) was found not to be significantly different from 0 (t-test, p < 0.05, not shown) in all cases. Thus, we chose to recalculate these regressions by setting the intercept to 0, i.e. we required that there can be no O 2 evolution in the absence of electron transport and vice versa. This procedure is important since the exchange rate between currencies equals the regression slope only when the intercept is 0. Secondly, using a linear regression assumes that the slope of the relationship between ETR PSII and gross O 2 evolution, i.e. ETR PSII / gross O 2 evolution (= φ e ), is constant and therefore independent of light intensity. Although there is evidence that φ e may be reduced under extremely high (Prá$il et al. 1996) or low (Quigg et al. 2006 ) light intensities, we did not observe significant non-linearity over the range of actinic PFDs used in our experiments.
Comparing ETRs with 14 CO 2 fixation
The ETR PSII was linearly related to 14 CO 2 fixation, although both the slopes and the intercepts varied substantially among the species examined (Fig. 2B) . Significant linear correlations were found for 5 of the 6 species examined (Table 4) . The exception was Aureococcus anophagefferens, for which the range of irradiance was higher relative to E k than for the other species (Table 3) . Unlike the comparison of ETR PSII with gross O 2 evolution in which we fixed the intercept to 0, we allowed the intercept to be a free parameter for the linear regression of ETR PSII against 14 CO 2 fixation rate. This is because processes associated with low light (e.g. overestimation of net CO 2 uptake by 14 C fixation; Johnson & Barber 2003) or high light (e.g. underestimation of net and gross CO 2 uptake by 14 C fixation due to alternative oxidase cycling of newly fixed carbon; Raghavendra & Padmasree 2003) may alter the slope. Without constraining the regression fit to the origin, data for Pycnococcus provasolii and Prorocentrum minimum yielded an intercept that was > 0; in contrast, all other species yielded an intercept that was not significantly different from 0 (t-test, p < 0.05, not shown).
As expected, the values for mol e -[mol CO 2 ] -1 were greater than those observed when comparing the ETR PSII and gross O 2 production (Tables 4 & 5) . Furthermore, the range of values for the ETR PSII :C uptake ratio across all taxa (3.6 to 11.6, i.e. 3.2-fold; or 5.4 to 11.6, i.e. 2.1-fold, if we exclude the non-significant result for Aureococcus anophagefferens) was also greater than that for the ETR PSII :O 2 evolution ratio (3.6 to 5.7, i.e. 1.6-fold). Pooled data from all species yielded a value of 6.3 ± 0.35 mol e -[mol CO 2 ] -1
; however, species-specific values ranged from ~4 to 12 (Table 4) . The ANCOVA and posthoc Tukey's test (Table 5 ) yielded 3 distinct groups (excluding A. anophagefferens) for both the slope and the intercept: Dunaliella tertiolecta, Storeatula major and Thalassiosira weissflogii (slope of ~5.4 to 6.6 and intercept not significantly different from 0); Prorocentrum minimum (slope of ~7.3 and intercept of ~0.6); and Pycnococcus provasolii (slope of ~12 and intercept of ~0.3) (Fig. 2 ).
Comparing net with gross O 2 evolution and 14 CO 2 uptake
Rates of net O 2 evolution were compared with gross O 2 evolution and C uptake (Fig. 3A, Table 6 ). In comparing gross and net O 2 evolution, the slope reflects the average light enhancement of respiration and the intercept is the dark respiration rate. This analysis ignores the different irradiance dependencies of gross evolution and uptake in microalgae (Kana Table 5 . Tukey's test post-hoc analysis of covariance (ANCOVA) groupings performed to test for significant differences between regression slopes comparing different photosynthetic currencies (Table 4) . Also shown is the post-hoc test for intercepts of comparisons of ETR PSII and CO 2 , and gross and net O 2 evolution (Table 4) . Species (Aa, Aureococcus anophagefferens; Dt, Dunaliella tertiolecta; Pm, Prorocentrum minimum; Pp, Pycnococcus provasolii; Sm, Storeatula major; Tw, Thalassiosira weissflogii) that were not significantly different from one another are grouped within square brackets; each set of square brackets indicates significantly different groups of species while hyphens indicate overlapping groupings 1992, Lewitus & Kana 1995) . Pooled data from all species yielded a slope of gross vs. net O 2 evolution of 1.12
. Thus, the light-driven enhancement of respiration accounted for ~12% of the gross photosynthesis. Again, substantial variability was observed between species (Tables 5 & 6 ), except for P. minimum for which the value was approximately 2× as high (~0.17).
Simultaneous estimates of net O 2 evolution and CO 2 uptake were compared to generate values for the 'conventional' photosynthetic quotient (PQ) (Fig. 3B) . Pooled data from all species yielded a slope with a value of 1.24 ± 0.05 mol O 2 [mol CO 2 ] -1 (Table 6 ). Values of the PQ were lowest (~1.1) for Thalassiosira weissflogii and Prorocentrum minimum, and highest (~1.6) for Dunaliella tertiolecta (Table 6 ). The very high value for Aureococcus anophagefferens (~2.5, Table 6 Corresponding regression coefficients are given in Table 6 Species .
DISCUSSION
Prior comparisons of ETR PSII with O 2 evolution and/or CO 2 uptake have employed different incubation conditions for the alternate photosynthetic currencies that were measured. This adds uncertainty in attempts to compare ETR PSII with gas exchange rates because differences in the rates may have arisen as a result of differences in the duration of the experiments, confinement artifacts, and variability in the intensity or spectral quality of the actinic light. A further difficulty in comparing ETR PSII with gas exchange rates is that the SNR decreases for FRRf but increases for gas exchange measurements as actinic light intensity increases. Because ETR PSII scales directly with light intensity, errors in calculating ETR PSII will be proportional to errors in measuring light intensity. Such errors certainly introduce variability in data collected under low and high light, where intensity is expressed relative to the saturating parameter for photosynthesis, E k . Our measurements minimised these issues since ETR PSII and gas exchange rates were measured on the same samples (thus under identical conditions) and the comparisons were made at moderate ranges of E/E k . Nonetheless, variation in the exchange rates among ETR PSII , gross O 2 evolution and 14 C fixation are evident.
Does FRRf yield gross O 2 production?
The question of how well the FRRf estimate of linear electron transfer approximates gross O 2 evolution is of primary importance to the application of the fluorescence approach to productivity studies. (Tables 4  & 5) . Values of φ e < 4 are difficult to reconcile on biochemical and bioenergetic grounds and we need to consider sources of error that may lead to an overestimation of gross O 2 flux and/or underestimation of ETR PSII . In terms of undetected calibration problems with the mass spectrometry, we note that any intracellular isotope cycling that would not be detected by our measurement technique would, in fact, lead to an underestimate of gross O 2 uptake and evolution rather than an explanatory overestimate. If we accept that gross O 2 evolution rates were not systematically overestimated, then values of φ e < 4 most likely resulted from an underestimation of the rate of light absorption by PSII. Errors could enter such a calculation due to inaccuracy in measuring (1) the photon flux density and/or spectral quality of the actinic light source, (2) the alteration in light quality and/or quantity by the geometric properties of the incubation vessels, and hence in light incident upon the phytoplankton cells, (3) the absolute value and spectral dependence of the effective cross section of photosystem II, and (4) the concentration of functional PSII reaction centres in the sample. Although errors (1) & (2) would apply to all species examined, their magnitude will depend on the convolution of the spectrum of the actinic light source with that of the effective cross section of PSII. Errors (3) & (4) are expected to vary due to the pigment complement and molecular organization of the light harvesting apparatus. Error (3) could also arise through inaccurate calibration of the FFRf's excitation source.
For values of φ e > 4, we note that 2 mechanisms have been proposed to decouple linear ETR from gross O 2 evolution at the reaction centres. First, cyclic flow around PSII may occur at very high light (Prá$il et al. 1996) . Second, electron 'slippage' may occur at very low light (Quigg et al. 2006) . Cyclic flow describes rerouting of electrons via cytochrome b from reduced primary acceptor quinone molecules (Q A ) back to the core chl a molecule in the PSII reaction centre once the plastoquinone pool becomes reduced. Electron 'slippage' refers to the decay of unstable intermediate S states of the PSII reaction centres with primary and secondary quinone acceptor molecule (Q A /Q B ) charge recombination during the process of water splitting. Both mechanisms are light dependent. To date, these mechanisms have only been investigated for chlorophytes and diatoms (Prá$il et al. 1996 , Feikema et al. 2006 , Quigg et al. 2006 ). However, we did not observe any light dependency of φ e , or values that were significantly different from 4 mol e -[mol O 2 ] -1 , for the chlorophyte and diatom tested here. This is perhaps not surprising, since cyclic electron flow around PSII and slippage op-erate at light intensities outside the range of test irradiances used here (Table 3) .
Reductant flow, O 2 consuming pathways and PQ
One of the causes of an elevated ETR requirement for CO 2 assimilation is the diversion of photosynthetic reductant to pathways that reduce other compounds. Besides CO 2 , reduction of nitrite (NO 2 -) and sulfate ) occurs in chloroplasts during photosynthesis as part of normal nitrogen (N) and sulfur (S) assimilatory pathways. We would expect the reductant demand for N and S assimilation to be ~25% of the total reductant flux for cells here grown on nitrate (NO 3 -) and SO 4 -2 (based on the elemental ratios of phytoplankton biomass and the reductant requirements for C, N, and S assimilation); consequently, the ETR:CO 2 ratio which ranged from 5.4 (T. weissfloggii) to 11.6 (Pycnococcus provasolii) (Table 4 ) was expected. The ratio for Aureococcus anophagefferens was anomalously low at 3.6, but the relationship was not statistically significant. The lack of significant relationships among all currencies for this species (Tables 4 & 6 ) may be related to the high relative irradiance, expressed as E/E k , for this species (Table 3) . For most species examined here, a significant amount of reductant was directed to one or more additional acceptors (beyond C, N, and S reduction) based on the extent to which the ETR:CO 2 ratio exceeded the reference value of 5. Oxygen is clearly an acceptor in those cases where the slope of gross O 2 vs. net O 2 fluxes exceeded a value of 1 (Table 6 ). A slope of 1 would be obtained if O 2 uptake (respiration) were constant (i.e. independent of irradiance). A slope <1 would indicate a decline in O 2 uptake with increasing irradiance and a slope >1 would indicate an increase in O 2 uptake with increasing irradiance. Only 3 of the species (Prorocentrum minimum, Pycnococcus provasolii and Storeatula major) had slopes that were 20 to 30% >1, indicating light-stimulated O 2 uptake, which is consistent with other species from the same taxonomic groups (25 to 35%: Lewitus & Kana 1995 , Eriksen & Lewitus 1999 35 to 50%: Suggett et al. 2008) . Curiously, we did not observe any light-stimulated O 2 uptake for Thalassiosira weissfloggi and Dunaliella tertiolecta, as might have been expected given previous studies of green algae and diatoms (Weger et al. 1988 , Luz et al. 2002 .
Although this analysis of linear slopes is convenient for assessing broad patterns in O 2 cycling and potentially useful in ecological applications, the light-dependency of O 2 uptake is more complex and potentially nonlinear. Lewitus & Kana (1995) provided a conceptual model of the effect of light on O 2 uptake, noting the potential activity of the Mehler reaction, chlororespiration, 'normal' mitochondrial respiration and alternative respiration. To this we can add the potential for photorespiration, although little is known about its relationship to light in algae. The potential for oxygenase activity by rubisco is thought to be less than that for other O 2 consuming pathways in algae (Badger et al. 2000) . Differences in the structure of rubisco between chromophytic algae and the vascular plant lineage also lead to a higher specificity for CO 2 over O 2 in the chromophytes, and a reduced likelihood of oxygenase activity (Zhu et al. 1998) .
In principle, a slope <1 for gross vs. net O 2 flux could be the result of chlororespiratory shutdown, although this is probably not relevant here: the chlororespiration that occurs in darkness is shut down under very low light intensities, which are sufficient to open up the reductant pathway to PSI. Generally, however, the effect of light on O 2 uptake over the range from dim irradiance to saturating irradiance for photosynthesis may range from close to nil to highly stimulatory, particularly at light-saturated photosynthesis. Indeed, it is common to observe O 2 uptake rates as high as 30 to 40% of the gross O 2 evolution rate in cultivated algae under saturating light (Weger et al. 1988 , Lewitus & Kana 1995 , Eriksen & Lewitus 1999 , Suggett et al. 2008 , which means that 30 to 40% of photosynthetic reductant is directed to O 2 reduction rather than to anabolism.
Much remains to be learned regarding the degree to which this high rate of O 2 cycling is linked to energy dissipation or ATP synthesis by pseudocyclic photophosphorylation. The Mehler reaction is presumably tied to photophosphorylation because O 2 reduction occurs downstream of PSI. Recently, chlororespiratory activity has been ascribed to a plastid terminal oxidase (PTOX) that is associated with intersystem components of the photosynthetic electron transport chain between PSII and PSI (e.g. Behrenfeld et al. 2004 . There is some indication that PTOX may be active in the light and that it receives electrons from plastoquinol, which would circumvent the translocation of protons across the thylakoids. As such, it would serve as an energy 'valve' that dissipates photosynthetic reductant energy. Such a process would potentially enable reaction centres to remain open when CO 2 fixation is saturated, thus preventing donor-side inhibition .
CONCLUSIONS
This productivity comparison exercise presented here has produced a series of 'exchange rates' (factors) that interconvert between several key primary photo-synthetic currencies (e -, O 2 , CO 2 ) for representatives of key phytoplankton taxa. Data collected under controlled laboratory conditions provide an objective basis for assumptions or constants that must be applied to calculate ETR PSII or convert between ETRs and rates of O 2 evolution or CO 2 uptake. However, we caution that it is unlikely that currency rates for native phytoplankton assemblages will be so highly constrained because of the complexity of reductant flow in microalgae. In purely phototrophic phytoplankton, the source of energy 'starts' with PSII activity; however, the fate of that photosynthetically trapped energy (nominally reduced quinols) is manifold as it ultimately drives the reduction of all oxidized nutrients (C, N, S, etc.) and participates in energy dissipating reactions that protect the cell from excessive energy. It is particularly problematic under high irradiance regimes, such as at the ocean surface, where dissipatory processes become increasingly important.
In resolving this currency issue, we need to improve both methodology and our understanding of energy flow pathways and their regulation (see also Wagner et al. 2006 ). It is not trivial to obtain all of the measures needed to assess the relationship between methodologies and it is unlikely that such effort could be made in the field on a routine basis. Thus, it is likely that a multivariate approach will ultimately be required to resolve the compounding effects of environment and taxonomy on the parameterization of exchange rates between alternative photosynthetic currencies. The comparison performed here (based on linear regressions) under controlled conditions provides a very useful means with which to interpret existing field data relating ETR PSII to C fixation (Table 2) , since these field data span a wide range of environmental conditions and yet have been exclusively examined using linear regression.
The use of both active fluorescence and O 2 isotopic discrimination in situ to estimate primary productivity is increasing, and will likely continue to increase in popularity as constraints associated with measuring actual carbon fixation grow, and as researchers strive to examine productivity across larger temporal and spatial scales. Describing how both the growth environment and the phytoplankton community composition modulate the conversion of linear electron flow (and gross O 2 production) into fixed carbon is likely to remain a key priority for future studies of productivity. 
